Abstract. To provide experimental evidence for the effect of inflammation on cholesterol accumulation in macrophages, we investigated the expression of low-density lipoprotein receptor (LDL-R) and scavenger receptor A (SR-A) genes and proteins in the lipopolysaccharide (LPS)-stimulated macrophagelike RAW264.7 cell line. RAW264.7 cells were incubated in serum-free medium in the absence or presence of LDL alone, LDL + LPS and LPS alone. Intracellular cholesterol content, tumor necrosis factor α levels in the supernatants, mRNA and protein expression of LDL-R and SR-A in the treated cells were assessed by Oil Red O staining cholesterol enzymatic assay, enzyme-linked immunosorbent assay, semi-quantitative polymerase chain reaction and western blot analysis, respectively. Our results demonstrated that LPS was able to upregulate SR-A mRNA and protein expression, override LDL-R suppression induced by a high dose of LDL and increase LDL uptake by enhancing receptor expression, leading to foam cell formation in RAW264.7 cells. These findings suggest that the synergy of the upregulation of SR-A and dysregulation of LDL-R under inflammatory stress may contribute to macrophage-derived foam cell formation.
Introduction
Atherosclerosis is characterized by the accumulation of lipids, mainly cholesterol and cholesterol esters, and the infiltration of inflammatory cells, particularly macrophages. Recent experimental and clinical evidence suggest that inflammation plays a significant role in lipid-mediated cell injury (e.g., atherosclerosis) (1) (2) (3) (4) . Retention of lipoproteins in the artery wall is one of the primary events in atherosclerosis (5, 6) . In the vessel wall, low-density lipoprotein (LDL) is trapped by matrix proteoglycans and becomes susceptible to various modifications that trigger local inflammatory responses leading to recruitment of macrophages in the arterial wall (7) . Uptake of modified LDL by macrophages leads to foam cell formation, which is characteristic of early atherosclerotic lesions (8) .
Cardiovascular risk is increased in chronic inflammatory states, up to 33-fold in patients with renal failure and 50-fold in patients with immune dysregulation (9) (10) (11) (12) . These diseases are often associated with inflammatory stress with elevated inflammatory markers and inflammatory cytokines. However, most mechanisms linking atherosclerosis to inflammatory stress remain to be identified. Inflammation and infection may affect the plasma levels of cholesterol and lipoproteins by modulating the synthesis and secretion of apolipoproteins, the activity of lipolytic enzyme or the expression of lipoprotein receptors. Two of the major determinants of plasma cholesterol levels are the result of the activity of the scavenger receptor A (SR-A), mediating uptake of modified LDL and LDL receptor (LDL-R), and mediating uptake of native LDL in macrophages. SR-A is expressed in human atherosclerotic lesions (13, 14) , and they have been shown to contribute to the uptake of modified LDL (15) . Since this uptake of cholesterol through the macrophage scavenger receptors is poorly regulated, excess cholesterol accumulation leads to macrophage-derived foam cell formation. Macrophages play a very important role in the pathogenesis of atherosclerosis and are one of the major cell types involved in foam cell formation (16) . However, the role of LDL-R and SR-A receptor in macrophages under inflammation remains unclear. The present experiment set out to investigate the effects of LPS on cholesterol accumulation in macrophages, and the expression of LDL-R and SR-A genes and proteins in the lipopolysaccharide (LPS)-stimulated macrophage-like RAW264.7 cell line in the presence of a high dose of native LDL.
Materials and methods
Cell culture. The macrophage-like RAW264.7 cell line was cultured in growth medium containing RPMI-1640 medium, 10% newborn bovine serum, 2 mmol/l glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. All experiments were carried out in serum-free RPMI-1640 medium containing 0.2% BSA, 2 mmol/l glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. All reagents for cell culture and LPS were obtained from Sigma. LDL was isolated from healthy human plasma by sequential ultra-centrifugation.
Enzyme-linked immunosorbent assay (ELISA) for tumor necrosis factor α (TNF-α). Cultures of RAW264.7 cells were washed twice with PBS at 37˚C and then overlaid with 1 ml of fresh, serum-free RPMI-1640 medium. After an incubation of 24 h, an additional 1 ml of medium with or without 100 ng/ml LPS was added. Cells were incubated for the desired time periods. The concentrations of TNF-α in cell culture medium were determined by an ELISA assay kit (eBioscience, UK) according to the manufacturer's instructions.
Measurement of intracellular cholesterol. The method was based on the cholesterol enzymatic assay described by Gallo et al and Gamble et al (17, 18) . RAW264.7 cells in 6-well plates were cultured in serum-free medium without (control) or with 100 µg/ml LDL in the absence or presence of 100 ng/ ml LPS for 24 h. Cells were then washed twice in PBS, intracellular lipids were extracted in isopropanol and dried under vacuum, and total cholesterol (TC), free cholesterol (FC) and cholesterol ester (CE) content were measured by enzymatic assay (CE = TC -FC) and normalized by total cell proteins determined by the modified Lowry assay.
Oil Red O stain. RAW264.7 cells were incubated in serum-free medium for 24 h. Then, these cells were differentially treated. After 24 h, cells were fixed using 5% formalin for 30 min at room temperature, soaked in Oil Red O staining solution for 30 min at room temperature and washed three times, followed by hematoxylin stain to visualize the nucleus.
Total RNA isolation and semi-quantitative RT-PCR. Total RNA was isolated from cultured cells using TRIzol reagent (Promega, USA). Total RNA (500 ng) was used as a template for RT using an RT kit from Toyoba. The RT reaction was set up in a 20-µl mixture containing 50 mmol/l KCl, 10 mmol/l Tris-HCl, 5 mmol/l MgCl 2 , 1 mmol/l of each deoxynucleoside triphosphate, 2.5 µmol/l random hexamers, 20 units RNAase inhibitor and 50 units Moloney-murine leukemia virus RT.
Incubations were performed in a DNA Thermal Cycler (Eppendorf, USA) for 10 min at room temperature, followed by 30 min at 42˚C and 5 min at 99˚C. Semi-quantitative PCR was performed in a DNA Thermal Cycler (Eppendorf) using PCR Master mix (DongSheng Biotec Co., China). Thermal cycler conditions contained holds for 10 min at 95˚C, followed by 30 cycles of 30 sec at 95˚C, 30 sec at 51˚C and 45 sec at 72˚C. The PCR products were separated by electrophoresis and the relative amount of mRNA was calculated using the Genegenus system and GeneTools software version 3.05 (Synoptics, UK). GAPDH served as the reference housekeeping gene. The following oligonucleotide primers were used: SR-A upper 5'-TCAATGACAGCATCCCTTCC-3', lower 5'-ATGTCCTCCTGTTGCTTTGC-3'; LDL-R upper
Western blot analysis. Cells from a 150-ml culture bottle were pooled and allowed to swell at 4˚C in 300 µl of lysis buffer (10 mmol/l HEPES, pH 7.9, 10 mmol/l KCL, 1.5 mmol/l MgCl 2 , 0.5 mmol/l dithiothreitol, 0.4 Nonidet P-40, 0.5 µmol/l phenylmethylsulfonyl fluoride and 1 µg/ml of antipain, leupeptin, bestatin and chymostatin) and then passed through a 23-gauge needle 20 times before centrifugation at 14,000 x g at 4˚C for 15 min. The supernatant from this spin was used as the whole cell extract. Identical amounts of total protein from the whole cell extract were denatured and then subjected to electrophoresis on a 5% stacking and 8% separating SDS polyacrylamide gel in a Bio-Rad Mini Protein apparatus. Electrophoretic transfer to nitrocellulose was accomplished at 60 V, 200 mA for 2 h in 25 mmol/l Tris, pH 8.3, 192 mmol/l glycine, 0.1% SDS and 20% methanol.
The membrane was then blocked with 5% skimmed milk for 1 h at room temperature, followed by two 5-min washes in PBST (phosphate-buffered saline/1% Tween). The membrane was incubated with the first antibody (goat-anti SR-A, or rabbit-anti LDL-R, rabbit-anti SREBP-2; Santa Cruz, USA) for 2 h at 37˚C in antibody dilution buffer (1% BSA in PBST). The horseradish peroxidase-labeled secondary antibody (rabbit anti-goat, goat-anti rabbit; Santa Cruz) was diluted in antibody dilution buffer and then added to the membrane for 1 h at 37˚C, followed by three 5-min washes in PBST. Finally, detection procedures were performed using ECL Advance Western Blotting Detection kit, in a Genegnome system (Synoptics). Band intensity volumes were measured by Quantity One software (Bio-Rad, UK).
Immunocytochemical staining. RAW264.7 cells were fixed using 5% formalin for 30 min at room temperature, and then washed three times, followed by immunocytochemical staining according to the kit (Boshide Bio-Project Co., Wuhan, China) instructions. The first antibody was rabbit anti-rabbit LDL-R antibody. Phosphate-buffered saline (PBS) substituted for the first antibody was used as the negative control. Cells with brown granules appearing in the nuclei were considered to be positively stained and indicated activation of LDL-R.
Statistical analysis.
In the experiments, data are expressed as the means ± standard deviation (SD). Comparisons between two groups were performed by t-test. All analyses were carried out using the SPSS software (version 13.0; SPSS Inc., Chicago, IL, USA). P-values <0.05 were considered to indicate statistical significance.
Results

Expression levels of TNF-α in ELISA.
We examined LPS-dependent TNF-α secretion in RAW264.7 cells to determine whether LPS induces TNF-α secretion in a timedependent manner and whether LPS causes inflammatory stress. LPS-treated RAW264.7 cells secreted TNF-α, with levels beginning to increase at 4 h of incubation and reaching a maximum at 16 h and lasting until 48 h.
Intracellular cholesterol accumulation in the cholesterol enzymatic assay.
We examined the effect of LPS (100 ng/ml) on the intracellular cholesterol content in RAW264.7 cells. Inflammation resulted in a TC and CE accumulation and foam cell formation in RAW264.7 cells, as evidence by the intracellular total cholesterol assay (Fig. 1A) and cholesterol ester assay (Fig. 1B) .
Intracellular cholesterol accumulation as assessed by Oil
Red O staining. Staining of RAW264.7 cells with Oil Red O after incubation with 100 µg/ml LDL or 100 ng/ml LPS alone showed a slight increase in lipid droplets over that of the control group ( Fig. 2A-C) . However, a significant increase in cholesterol accumulation was observed in RAW264.7 cells in the presence of 100 µg/ml LDL and 100 ng/ml LPS together (Fig. 2D) . These data were consistent with the cholesterol enzymatic assay data.
Expression levels of LDL-R and SR-A mRNA in RT-PCR.
To assess how LPS induces an increase in intracellular cholesterol content, the mRNA and protein levels of LDL-R and SR-A in RAW264.7 cells were evaluated. RAW264.7 cells were stimulated with 100 µg/ml LDL, 100 ng/ml LPS, or with 100 µg/ml LDL and 100 ng/ml LPS, respectively, for up to 24 h. mRNA was measured by semi-quantitative RT-PCR. Either LDL loading or LPS increased SR-A mRNA expression in RAW264.7 cells (Fig. 3A) . LDL loading inhibited LDL-R mRNA expression and LPS disrupted this physiological feedback causing an increase in LDL-R mRNA levels in RAW264.7 cells (Fig. 3B) .
Western blot analysis of the expression levels of LDL-R and SR-A protein.
Western blotting demonstrated that LDL loading or LPS increased SR-A protein expression in RAW264.7 cells (P<0.05) (Fig. 4A) . LDL loading inhibited LDL-R protein levels (vs. control, P<0.05) and LPS increased LDL-R levels in RAW264.7 cells (vs. LDL loading group, P<0.05) (Fig. 4B) . These data were consistent with mRNA data.
Immunocytochemical analysis of LDL-R protein expression.
Immunocytochemical staining showed that LDL inhibited LDL-R protein expression and LPS (100 ng/ml) overrode the suppression of the LDL-R protein expression induced by LDL loading (Fig. 5) .
Discussion
As foam cell formation has long been deemed critical to lesion development, the scavenger receptors involved in lipid uptake have been causally implicated in the pathogenesis of atherosclerosis. Several studies have shown that macrophages are deemed to cause foam cells, have multiple functions, including secretion and production of growth factors, cytokines, clearance of particles in blood, and also play a key role in atherosclerosis by expression of several different cell surface receptors that can be modulated by inflammation, for cholesterol uptake and foam cell formation (16, 19) . SR-A is an important cell surface receptor for binding modified-LDL and plays a central role in atherosclerosis. LDL-R is the primary receptor for binding and internalization of plasma-derived LDL cholesterol and regulates plasma LDL concentrations. With respect to macrophages, several studies, although not all, have shown the effect of SR-A or LDL-R alone on foam Figure 1 . Effect of LPS on intracellular cholesterol accumulation in the RAW264.7 cell line. Cells (5x10 6 cells/ml) were incubated in serum-free medium for 24 h. The medium was then replaced by fresh serum-free RPMI-1640 medium (control), medium added together with 100 µg/ml LDL alone (LDL), 100 ng/ml LPS alone (LPS), or medium with 100 µg/ml LDL and 100 ng/ml LPS (LDS+LPL) for 24 h. The cells were collected for (A) total cholesterol assay and (B) cholesterol ester assay, as described in Materials and methods. The results were normalized for total cellular protein and represent the means ± SD from three independent experiments (triplicate cultures). 10x40). RAW264.7 cells were incubated in serum-free medium for 24 h. The medium was then replaced with fresh serum-free RPMI-1640 medium (control; A), medium added together with 100 µg/ml LDL alone (LDL; B), 100 ng/ml LPS alone (LPS; C), or medium with 100 µg/ ml LDL and 100 ng/ml LPS (LDL+LPS; D). After 24 h, cells were fixed using 5% formalin for 30 min at room temperature, then soaked in Oil Red staining solution for 30 min at room temperature, and washed three times, followed by hematoxylin staining to visualize the nucleus.
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A B C D Figure 3 . Expression of (A) SR-A and (B) LDL-R mRNA in RAW264.7 cells by RT-PCR analysis. Cells were incubated in serum-free medium for 24 h. Then, the medium was replaced with fresh serum-free RPMI-1640 medium (control), medium together with 100 µg/ml LDL alone (LDL), 100 ng/ml LPS alone (LDS), or medium with 100 µg/ml LDL and 100 ng/ml LPS (LPS+LDL). RNA was prepared and RT-PCR was performed, as described in Materials and methods. Then, the medium was replaced with fresh serum-free RPMI-1640 medium (control), medium together with 100 µg/ml LDL alone (LDL), 100 ng/ml LPS alone (LPS), or medium with 100 µg/ml LDL and 100 ng/ml LPS (LDS+LPL). RAW264.7 cells were incubated in serum-free medium for 24 h. Then, the medium was replaced with fresh serum-free RPMI-1640 medium (control; A), medium together with 100 µg/ml LDL alone (B), 100 ng/ml LPS alone (C), or medium with 100 µg/ml LDL and 100 ng/ml LPS (D). After 24 h, cells were fixed using 5% formalin for 30 min at room temperature, and immunocytochemical staining was performed according to the kit instructions. Finally, hematoxylin was used to visualize the nucleus. cell formation under inflammation, however, reports on the synergic effect of LDL-R and SR-A on macrophage foam cell formation are limited. In the present study, we mainly focus on receptor-mediated macrophage-derived foam cell formation under LPS-induced inflammatory stress.
SR-A, as a classical atherogenic receptor (20) (21) (22) , has been studied for decades. Scavenger receptor was coined to describe the activity of macrophages which mediate the uptake of modified forms of LDL. As a central feature of the pathology of atherosclerosis, macrophage-derived foam cells are closely resembled by the resultant lipid laden macrophages (23) . The class A scavenger receptor was shown to be a trimeric Type II membrane protein with a broad range of polyanionic ligands, including components of Gram-positive bacterial cell walls and modified forms of LDL, LPS of Gram-negative bacteria (24) . Compared to macrophages from wild-type animals, macrophages of SR-A-silenced mice exhibit 70-80% reduced uptake of acetylated LDL (25) . Certain studies also have shown that inflammatory cytokines mediate the regulation of SR-A and foam cell formation on macrophages in atherosclerosis (26) , as well as LPS induces SR-A expression in RAW264.7 cells (27) . However, more and more studies suggest that SR-A is not the only receptor responsible for atherosclerosis.
It is well known that the high incidence of atherosclerosis is correlated with the high concentration of LDL and cholesterol in plasma. The activity of the LDL-R is another major determinant of plasma cholesterol levels. The cellular uptake and degradation of plasma is mediated by the LDL-R. It has been reported that the activity of LDL-R is normally under tight metabolic control via a feedback system, which is dependent on intracellular cholesterol concentration (28) (29) (30) (31) . The system maintains a constant level of cholesterol in cells by controlling both the rate of cholesterol synthesis and the rate of cholesterol uptake from LDL. The feedback regulation is controlled through specific interactions of the sterol-regulatory element (SRE)-1 of the LDL-R promoter and a family of SRE-binding proteins (SREBPs), namely, SREBP-1 and SREBP-2 (32) (33) (34) (35) . Moreover, a number of pro-inflammatory cytokines, such as interleukin-6, oncostatin M and TNF-α, have been shown to increase LDL-R gene expression under inflammatory stress (36) (37) (38) . We previously demonstrated in human vascular smooth muscle cells and mesangial cells that inflammatory cytokines disrupt LDL-R feedback regulation, allowing unregulated uptake of cholesterol in the cells causing foam cell formation (39) (40) (41) (42) . However, the role of the LDL-R in cholesterol accumulation in macrophages remains to be elucidated.
In the present study, we investigated the effects of native LDL that consist mostly of cholesterol of plasma in circulation and macrophage-derived foam cells under inflammatory stress, and evaluated the roles of SR-A and LDL-R in this process. We demonstrated that LPS causes inflammatory stress and induces TNF-α secretion in a time-dependent manner consequently. LPS increased intracellular cholesterol accumulation in the RAW264.7 macrophage-like cell line ( Fig. 1 ) and caused foam cell formation (Fig. 2) . To explore the molecular mechanisms, we further determined the expression levels of LDL-R and SR-A mRNA and protein in RAW264.7 cells and found that, under physiological conditions, LDL-R was sensitive for downregulation of LDL loading. Intracellular TC and CE contents remained at a relatively constant level in the RAW264.7 cells. However, inflammation overrode this tight feedback and caused foam cell formation via increased expression of both SR-A and LDL-R (Figs. 3-5) . The results of our study indicate that the synergy of dysregulation of LDL-R under inflammatory stress and upregulation of SR-A may contribute to macrophage-derived foam cell formation.
In conclusion, our findings indicate that a novel role for the synergy of upregulation of SR-A and dysregulation of LDL-R plays a significant role in macrophage foam cell formation under inflammatory stress.
